Introduction
Peptostreptococcus anaerobius is a Gram-positive anaerobic coccus isolated frequently from oral lesions including gingival crevices of people with gingivitis or periodontal diseases 1, 2 and deep layers of root canal dentine. 3, 4 The type strain of P. anaerobius is reported to produce acetate, isobutyrate, butyrate, isovalerate and isocaproate in peptone-yeast extract (PY) glucose culture. 5 In our preliminary studies, the organisms produced phenylpropionate and isocaproate as the main products in brain heart infusion (BHI) broth enriched with 0.2% phenylalanine and leucine, respectively. The results suggested that they might degrade both phenylalanine and leucine.
Metronidazole is one of the most active antimicrobial agents against the majority of anaerobes. 6 One of the antimicrobial effects is based on its intracellular reduction. 7 Trapping of electrons and inhibition of anaerobic metabolism of Eubacterium brachy by metronidazole was also reported by Hamid et al. 8 However, the effect of metronidazole on phenylalanine and leucine metabolism by P. anaerobius has not been reported by previous researchers.
The present study was designed to investigate phenylalanine and leucine metabolism by P. anaerobius under both anaerobic and aerobic conditions and the effect of metronidazole on the metabolism. The metabolism of phenylalanine and leucine by Peptostreptococcus anaerobius and the effects of metronidazole on this metabolism were studied. The cells metabolized both phenylalanine and leucine under strict anaerobic conditions and produced hydroxylated products (i.e. phenyllactate from phenylalanine and hydroxyisocaproate from leucine). Other products were phenylpropionate, cinnamate and phenylacetate from phenylalanine; isocaproate, -ketoisocaproate and isovalerate from leucine. Metronidazole inhibited the production of all end-products, with the exception of phenyllactate and hydroxyisocaproate which were increased. Similarly, when the reaction was carried out aerobically, the cells also metabolized both phenylalanine and leucine and all end-products were inhibited again with the exception of phenyllactate and hydroxyisocaproate. Our results suggest that the inhibitory mode of metronidazole is similar to that of oxygen.
Materials and methods

Bacteria
late logarithmic phase were harvested by centrifugation (9900g, 10 min, 4°C) using a tightly capped centrifuge tube and washed three times with 40 mM potassium phosphate (pH 7.0). 9 The washed cells were resuspended with the same buffer to give a turbidity of 20 at 660 nm (4.5 mg protein/mL). All procedures were carried out under anaerobic conditions.
Preparation of cell-free extract
The cell suspensions were disintegrated with a sonic oscillator (Model 200M, Kubota, Tokyo) with ice-cold water circulating around the tightly capped sonication cup under anaerobic conditions as described by Hoshino et al. 10 The supernatant was collected after removing the debris by centrifugation (10,500g, 10 min, 4°C) twice with tightly capped centrifuge tubes. The protein concentration was determined by a biuret method.
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Reagents
Cinnamate, leucine and phenylalanine were purchased from Wako Pure Chemicals, Osaka, Japan; m e t r o n i d a z o l e (2-methyl-5-nitroimidazole-1 ethanol) and hydroxyisocaproate were from Sigma Chemical, St Louis, MO, USA; phenyllactate and trans-2-hexenoic acid were from Aldrich Chemical, Milwaukee, WI, USA; nicotinamide adenine dinucleotide (NAD) and the reduced form of NAD (NADH) were from Boehringer, Mannheim, Germany.
Assay of metabolism
The assay of metabolism was performed as described by Hamid et al. 8 Briefly, 1 mL of the metabolic reaction mixture contained 0.5 mL cell suspension, 100 mol potassium phosphate (pH 7.0) and 10 mol magnesium chloride with or without addition of 10 g metronidazole. The reaction was started by adding 10 mol of either phenylalanine or leucine as a substrate and was carried out anaerobically with a block thermostat in an anaerobic glove box or aerobically with vigorous shaking (120 rpm) in air at 37°C for 30 min. A control reaction was also carried out without adding the amino acids. The reaction was stopped by adding 100 L of freshly prepared 40% (w/v) metaphosphoric acid. The supernatant was collected and stored at 20°C until required for analysis.
Gas-liquid chromatography
Methyl derivatives of lactic, succinic, formic, phenylpropionic, cinnamic, phenylacetic, phenyllactic, -ketoisocaproic and hydroxyisocaproic acids were determined as described by Hoshino & Sato 12 by gas-liquid chromatography (GLC) on a Reoplex 400 (Wako) column (0.32 cm 160 cm) at 140°C using a flame ionizing detector. The carrier gas was nitrogen with a flow rate of 50 mL/min. Volatile fatty acids (C 2 -C 8 ), acetoin, diacetyle, alcohols ( C 2 -C 6 ), isocaproate, isovalerate and other free acids produced in peptone-yeast extract glucose broth 1 3 were also determined by GLC as described previously. 
GLC-mass spectrometry
The samples were also analysed by GLC-mass spectrometry (GLC-MS) with a Hitachi M-80 B at an ionization potential of 70 eV 16 at 140°C packed with Reoplex 400 (0.3 cm 200 cm) for further confirmation of the products comparing the peak spectrum with the authentic standards.
Enzyme assays
Enzymic activities were determined with a spectrophotometer (U-3200, Hitachi, Japan) under both anaerobic and aerobic conditions in the reaction mixture as described for lactate dehydrogenase. 17 In brief, oxidation of NADH was monitored at 340 nm in the presence of the cell-free extract (2 g protein), potassium phosphate (250 mmol, pH 7.0) and the substrate (1 mol), i.e. phenylpyruvate, potassium pyruvate, -ketoisocaproate, cinnamate or hexenoate. Reduction of NAD was also monitored in the presence of phenylalanine and leucine in 0.4 M hydrazine buffer (pH 9.0). 18 The reaction mixtures were prepared in the anaerobic glove box and tightly sealed in a Tumberg vessel with a side reservoir that contained either substrate or coenzyme to ensure separation until the start of the reaction. The reaction mixtures were removed from the anaerobic glove box and each activity was determined anaerobically. The aerobic assay was started by exposing the mixture to air.
Statistical analysis
The significance of differences was evaluated by Student's t-test.
Results
Anaerobic metabolism of phenylalanine and leucine
The anaerobic metabolic products are summarized in Table I . The cells produced phenylpropionate from phenylalanine as the main product under anaerobic conditions. Other products were cinnamate, phenyllactate and phenylacetate. Isocaproate was the main product from leucine under anaerobic conditions. Other products were -ketoisocaproate, hydroxyisocaproate and isovalerate. Thus, the cells produced hydroxylated products i.e. phenyllactate from phenylalanine and hydroxyisocaproate from leucine, along with other non-hydroxylated products, though the hydroxylated products were not the main end-products. No metabolic products were found in the control reaction mixture.
Aerobic metabolism of phenylalanine and leucine
Phenyllactate was the main end-product from phenylalanine under aerobic conditions (Figure 1) . The other minor end-products were cinnamate and phenylacetate. Phenylpropionate was not produced from phenylalanine under aerobic conditions. Thus, in comparison with anaerobic phenylalanine metabolism, aerobic conditions inhibited the production of phenylpropionate, cinnamate and phenylacetate (P 0.005), but increased the production of phenyllactate (P 0.005).
Under aerobic conditions, the major end-products from leucine were -ketoisocaproate and hydroxyisocaproate ( Figure 2) . The other minor end-product was isovalerate. Isocaproate was not produced from leucine under aerobic conditions. Thus, in comparison with anaerobic leucine metabolism, aerobic conditions inhibited the production of isocaproate and isovalerate (P 0.001), but increased the production of -ketoisocaproate and hydroxyisocaproate (P 0.05).
The results indicate that aerobic conditions inc r e a s e d the production of hydroxylated end-products, but decreased the production of non-hydroxylated ones in both phenylalanine and leucine metabolism.
Effects of metronidazole
The anaerobic production of phenylpropionate, cinnamate and phenylacetate was inhibited (P 0.001) in the presence of metronidazole, but that of phenyllactate was increased significantly (P 0.01) as shown in Figure 3 . Similarly metronidazole inhibited the anaerobic production of isocaproate, isovalerate and -ketoisocaproate significantly (P 0.05), but that of hydroxyisocaproate was increased significantly (P 0.005) as shown in Figure  4 . Thus, the effects of metronidazole on the anaerobic metabolism were quite similar to those observed under aerobic conditions. In fact, there were no significant differences between the aerobic end-products in the presence and absence of metronidazole.
Enzyme activities
NADH was oxidized to NAD by the cell-free extract in the presence of phenylpyruvate, which indicated that the organism had NAD-dependent phenyllactate dehydrogenase (Table II) . NADH was not oxidized in the presence of potassium pyruvate which indicated that the organism had no NAD-dependent lactate dehydrogenases. NAD was not reduced in the presence of either phenylalanine or leucine.
Discussion
The bactericidal effect of metronidazole appears to be dependent upon its uptake by anaerobic bacteria, conversion to a reduced intermediate and interference with the transfer of electrons resulting in metabolic inhibition. During the metabolism of anaerobic organisms, electrons are transferred by some electron transfer systems, such as protein, flavodoxin and ferredoxin. 19 Metronidazole may interfere with such electron transfer systems by trapping electrons. [20] [21] [22] [23] It was apparent in our study that metronidazole affected the anaerobic metabolism of both phenylalanine and leucine. This effect of the drug was first reported in E. brachy by Hamid et al. 8 The reductive deamination steps, i.e. phenylpropionate from phenylalanine and isocaproate from leucine, were inhibited, but the oxidative deamination steps to phenyllactate and hydroxyisocaproate were not inhibited by the drug.
The inhibition of cinnamate production from phenylalanine is not clearly understood. The inhibition might be due to the inhibitory effect of either metronidazole on phenylalanine ammonia-lyase or due to a feedback inhibitory mechanism. 24 The metronidazole-sensitive steps seemed to require anaerobic conditions because the steps were also inhibited by oxygen. The metronidazoletolerant steps were also tolerant of oxygen. Metronidazole did not show any significant effect on metabolism in the presence of oxygen because the inhibitory effects of metronidazole and oxygen are competitive and oxygen may be a much better electron trapper than the drug. an intermediate of the reductive deamination step of phenylalanine to phenylpropionate. No intermediate was detected in the reductive deamination step to isocaproate in leucine degradation. Phenyllactate is generally produced from phenylalanine through phenylpyruvate. 26 Oxidation of NADH in the presence of phenylpyruvate suggested that the organism possesses phenylpyruvate dehydrogenase activity. In contrast, oxidation of NADH was slightly inhibited by metronidazole in the presence of phenylpyruvate in our enzymic experiment, suggesting the enzymic activity is somehow protected from oxygen toxicity.
In leucine metabolism, approximately two parts of isocaproate and one part of isovalerate were produced, so the reactions can be placed in the same category as the so-called Stickland reaction. Phenylalanine and leucine, may function as H-donors, or as H-acceptors or as both at the same time. 26 However, the reduction of phenylalanine was coupled only to part of the oxidation of the amino acid. Cinnamate may have accepted the protons and electrons generated during the oxidation of the amino acid or endogenous substrate to produce phenylpropionate. Protons and electrons are generated by hydrogenase from hydrogen gas 26 and the hydrogenase activities in P. anaerobius were reported by Hoshino et al. 14 Our present study revealed that P. anaerobius produced phenylpropionate in BHI broth which may be useful for characterizing the bacteria. It was clearly demonstrated for the first time that hydroxylated products i.e. phenyllactate and hydroxyisocaproate, were produced. 
